Abstract: Molluscs, sediment lithology, and published sub-bottom profiles are used to deduce sea levels, outline the influence of glacially induced crustal displacement, and reconstruct the paleoenvironment of the northeast Pacific late Quaternary coastline. Geo-spatial modelling shows subaerially exposed land that could have been inhabited by plants and animals, and also coastally migrating early North American peoples. Ice-free terrain, present by at least 13 790 ± 150 14 C years BP, a land bridge, and edible molluscs are identified. Queen Charlotte Islands (QCI) late Pleistocene coastal paleogeography may assist in explaining the biogeography of many terrestrial plant and animal species along the broader northeastern Pacific margin and provide evidence for researchers seeking late Pleistocene -early Holocene glacial refugia. Late Pleistocene -early Holocene coastlines that are not drowned and that may harbour early archaeological sites are identified along the western QCI, where migrants probably first travelled and the westernmost British Columbia mainland, where the effects of glacial ice were reduced.
Introduction
The traditional "Clovis First" (Haynes 1969; West 1981) hypothesis suggests that the first Americans were large game hunters who migrated from northeast Asia across the Beringian land bridge ca. 12 000 14 C years BP, spreading southward through a continental "ice-free corridor" located east of the Canadian Rockies (Fig. 1) . However, research into the timing and extent of Wisconsinan glaciation (White et al. 1985; Lemmen et al. 1994; Dyke 1996; Jackson et al. 1997 ) precludes this possibility between 11 500 and 20 000 14 C years BP. Further, archaeological finds in North and South America predate 11 500 14 C years BP (Sandweiss et al. 1998; Keefer et al. 1998; Dillehay 1989) , and, although most remain controversial, the Monte Verde site in Chile, dated to at least 12 500 14 C years BP (Dillehay 1989) , is generally accepted as a pre-Clovis site. These findings have led various researchers to propose an alternate migration route for early humansa water route along Pacific North and South America that passed by the Queen Charlotte Islands (QCI), British Columbia (B.C.) (Heusser 1960; Fladmark 1979; Josenhans et al. 1995; Heaton et al. 1996; Fedje and Josenhans 2000; Mandryk et al. 2001 ; Fig. 1 ). At present, the earliest archaeological evidence for human occupation of the B.C.-Alaskan coast is 10 300 14 C years BP (Dixon 2001; uncorrected) . The hypothesis that the first peoples of North and South America migrated via a coastal route carries with it the presumption that the QCI region had a suitable climate and sufficient natural resources to make habitation possible. Coastal inhabitants would have been influenced by shifting glacial ice, changes in sea level, and migrating coastal zones. Here we present the temporal and spatial dimensions of the late Quaternary coastline along the northeast Pacific continental shelf and ascertain the role that glacially induced crustal displacements played in the creation of a viable early coastal migration route.
The QCI are located 150 km west of mainland B.C. (Fig. 1) , across a shallow continental shelf. During the Wisconsinan glaciation the paleogeography of the QCI was noticeably different (Josenhans et al. 1997) . Regional paleocoastlines were markedly influenced by eustasy and glacio-isostatic crustal adjustments during and subsequent to the last glacial maximum (LGM). These adjustments varied both temporally and spatially due to variations in ice thickness, duration of ice coverage, elastic thickness of the lithosphere, and mantle viscosity (Lewis et al. 1991; James et al. 2000) , generating steep crustal tilting and a rapid crustal response. Subsequent to the LGM, sea level was up to 120 m higher on the B.C. mainland, and more than 150 m lower in the adjacent QCI archipelago Josenhans et al. 1997 ; Appendix, Table A1 ; Fig. 2a ).
Material, methods, and shellfish biomass
Over 375 geo-referenced 14 C dates from raised beach deposits and underwater sediment cores were reviewed from published research and Geological Survey of Canada (GSC) unpublished archive data. Based on this analysis 27 submarine sediment cores that possessed evidence for constraints on past sea level were further sampled and analyzed for fauna, flora, radiocarbon datable material, and lithology in the context of bathymetric, published sub-bottom profiles. An additional 23 samples were obtained and analyzed from raised beaches on the QCI, and 65 underwater grab samples were obtained by H. Josenhans and D. Fedje in 1998 from Juan Perez Sound, QCI. Eleven new 14 C dates were obtained from this additional sampling. In total, 76 samples provided sufficiently well-constrained sea-level evidence to enable paleocoastline modelling for the period 14 250 to 8750 14 C years BP (Appendix , Table A1 ).
The 23 bulk samples collected from high-stand deposits at Haines Creek on Graham Island, and Lockeport estuary, upper Arrow Creek, and George Bay on Moresby Island were wet-sieved using 1 and 2 mm screens. Other high-stand data from Mary Point and Cape Ball on Graham Island, and McNeil River, Kitimat, Hirsch Creek, and Port Simpson on the B.C. mainland were obtained from previous research. Sixty-five underwater grab samples, focusing on fluvial features, river terraces, alluvial fans, and deltas, obtained by H. Josenhans, D. Fedje, and others during a Canadian Coast Guard Ship Vector 1998 cruise from Juan Perez Sound, QCI were wet-sieved using 3 and 6 mm mesh. Submarine sediment cores obtained by the GSC between 1981 and 1995 were reviewed, and those containing lithologies, sedimentary structures, shell material, or radiocarbon dates of interest (27 cores) were sampled (4 cm 3 ) at regular intervals and screened using 710 µm (medium sand) or 63 µm (silt -fine sand). All sampled cores, underwater grab samples, and raised beaches sampled by the principal author, were studied for paleoecology and 14 C datable material. Paleobotanical and faunal data were collected and identified, and paleohabitat interpretations were made based on the habitat characteristics of present marine mollusc and fish species . No additional microfaunal research was done, although data and interpretations from previous studies in the region were incorporated in our findings.
Mollusc species were identified by the primary author on (Fairbanks 1989 ) is used as a proxy for eustatic sea-level change. Isostatic crustal displacement was generated by subtracting Barbados sea-level curve (estimated to be between 106 m below mean sea level (msl) at 14 000 14 C years BP and 36 m below msl at 9000 14 C years BP) from relative sea-level observations (Fig. 2b) , and taking its negative. The white line (Z-Z 1 ) indicates the line along which no crustal displacement occurred. Dark blue indicates subsidence under substantial glacial ice within the preceding 1000 years. Red, orange, yellow, and green indicate uplifted areas where little to no ice was present. The yellow line (X-X 1 ) locates the cross-section shown in Fig. 2d (Cornwall 1955; Dunnill 1968; Abbott 1974; Bernard 1979; Morris et al. 1980; Kozloff 1996; Harbo 1997) . Shells were blotted dry and then weighed using an electronic digital scientific balance to the nearest 0.1 grams. Edible intertidal mollusc shell weights were multiplied by species specific biomass factors (Erlandson 1984; Moss 1989) to determine edible biomass levels represented. Selected intertidal mollusc specimens were chosen for 14 C accelerator mass spectrometry (AMS) dating.
Radiocarbon dated samples used for paleogeographic reconstruction were restricted to those possessing a clear indication of deposition elevation relative to sea level at that time. Shells from intertidal molluscan species having narrow depth tolerances were chosen for 14 C AMS dating. To ensure consistency among dates obtained from a variety of laboratories over the last 30 years, the dating methodology was reviewed for all dates and a marine reservoir correction factor of 800 years ; J.J. Clague, personal communication, 2001 ) was applied to all normalized 14 C shell dates.
Molluscs, which are valuable indicators of environmental and sea-level change, were used with geological data to identify changes in relative sea levels. Relative sea-level data and geostatistical interpolation were used to create paleogeographic maps. Using Environmental Systems Research Institute (ESRI) GRID® GIS (geographic information system) module, a raster grid was generated for the study area detailing the trend of relative sea-level change for each selected time interval, based on observations at each sample site. A present-day digital elevation model was produced from the most current Canadian Hydrographic Service bathymetric and National Topographic Data Base topographic digital data for the region. These grids were combined to form sum-sea-level and sum-elevation change models, which depict the net change in relative sea level and land surface at selected time intervals. Spline-tension interpolation was used to infer relative sea-level change in four-dimensional space. The Spline-tension interpolation technique requires that the modeled surface pass through all data points ( 14 C dated sample localities) and possess a minimum surface curvature. This method permitted tuning of the model to incorporate a relatively flexible lithosphere, evident in the divergence of relative sea levels throughout the region as ice and water loading varied during and subsequent to glaciation (Franke 1982; Mitas and Mitasova 1988) . The amount of tension applied to the model, which dictated the amount of crustal flexure, was varied until a weight parameter of 15 was selected. The relatively high weight value of 15 implies a flexible lithosphere, which is consistent with the divergence of relative sea-level observations throughout the region as ice and water loading varied during and subsequent to glaciation.
Crustal displacement maps were created by subtracting eustatic sea-level change (Fairbanks 1989 ) from the relative sea-level change grid and taking its negative. An error in total eustatic sea level of up to 20 m during maximum glaciation may be implied when Barbados is compared with other far-field sites such as Bonaparte Gulf, Huon Peninsula, and Tahiti (Milne et al. 2002) . However, during the interval of this study 8250 to 14 250 14 C years BP, far-field site sea-level observations are very similar, with Barbados providing the most extensive data, making the Barbados sea-level curve a good approximation of eustatic sea-level change (Peltier 2002) .
Results and discussion

Sea-level change and crustal displacement
Relative sea-level maps generated from these data show the magnitude of sea-level change throughout the region relative to present (Fig. 2b) . Line A-A1 on Fig. 2b indicates zero relative sea-level change -the point where eustatic sea-level change was completely offset by crustal displacement. Isostatic crustal displacement was isolated by removing global eustatic sea level (Fairbanks 1989 ) from paleosea-level data. Isostatic crustal displacement maps illustrate temporal changes in the magnitudes and extent of crustal flexure, relative to present crustal elevation, as a glacial forebulge developed (Fig. 2c) .
Ice extent
Glacial ice attained its maximum extent at -15 500 14 C years BP (Blaise et al. 1990 ). After -14 000 14 C years BP ) and prior to 12 650 ± 50 14 C years BP (Beta-114465; Appendix, Table A1 ; Archer 1998) glacial ice began retreating from eastern Dixon Entrance generating 100 m of rebound ( Fig. 2d ; . Cross-sections from northwest Dixon Entrance to southeast QC Sound for all mapped intervals indicate that a relatively constant forebulge elevation persisted between 13 250 and 10 250 14 C years BP , implying a fixed ice-front and continued ice presence on the B.C. mainland until at least 10 000 14 C years BP . By 12 650 ± 50 14 C years BP (Beta-114465; Archer 1998) Dixon Entrance was ice-free, providing clear navigation east to the B.C. mainland, where edible molluscs Tresus nuttallii, Clinocardium nuttallii, Saxidomus giganteus, and Mytilus sp. colonized a productive gravel beach.
Paleogeographic reconstructions
Lowered eustatic sea level combined with crustal uplift permitted terrestrial conditions to develop on two emergent coastal plains; one extended eastward from the QCI and the other developed in QC Sound extending northward from Vancouver Island (Fig. 3a) . Terrestrial plant material from Dogfish Bank and Cape Ball (Appendix , Table A1 ; TO-3738; GSC-3222) suggest that a treeless, tundra-like environment extended east from QCI from at least 13 790 ± 150 14 C years BP (TO-3738; Clague et al. 1982; Mathewes 1989; Barrie et al. 1993) . Eighteen submarine sediment cores from Hecate Strait and Dixon Entrance and highstand deposits at Cape Ball indicate the subaerial exposure of this now-drowned northeastern coastal plain until at least 9130 ± 90 14 C years BP (TO-9307, Appendix, Table A1 ). Molluscan and sedimentological evidence (Appendix , Table A1 ) indicates that lowered eustatic sea level combined with isostatic uplift resulted in the subaerial exposure of a southern coastal plain (Fig. 3a) from 15 200 ± 490 14 C years BP (GSC-3746; Luternauer et al. 1989a ). Nineteen samples were recovered from submarine sediment cores, terrestrial, or intertidal beach deposits in the QC Sound and Cook Bank region (Appendix , Table A1 ) and imply persistence of the southern coastal plain until 9810 ± 80 14 C years BP (TO-1256; Clague et al. 1982; Luternauer et al. 1989a; Barrie and Conway 2002) or perhaps as late as 7820 ± 70 14 C years BP (TO-4362). Downwasting of ice to the north and east resulted in isostatic uplift, and, despite rising eustatic sea levels, northern Hecate Strait closed by -11 750 14 C years BP (Fig. 3b) , creating a narrow, elongate, shallow-water embayment (the Hecate Sea; Patterson et al. 1995 ) that opened southward into QC Sound. The resulting land bridge connected the B.C. mainland and the QCI, facilitating faunal, floral, and potential land-based human migration. Separation of Hecate Sea from the open marine waters of Dixon Entrance and fresh water from melting glacial ice likely led to a reduction in salinity and sea-surface temperature in Hecate Sea.
Implications for terrestrial biogeography
The late Pleistocene coastal paleogeography of the QCI has implications for the biogeography of many terrestrial plant and animal species along the broader northeastern Pacific margin and provides evidence for researchers seeking late Pleistocene -early Holocene glacial refugia (McCabe and Cowan 1945; Foster 1965; Calder and Taylor 1968; Warner et al. 1982; Hebda et al. 1997; Ogilvie 1989 Ogilvie , 1997 Reimchen 1994; Byun et al. 1997; Byun 1999) . QCI late Pleistocene coastal paleogeography may assist in explaining the survival and migration of the large number of QCI endemic and widely disjunct species found on Brooks Peninsula, northern Vancouver Island, B.C. (Fig. 1) . For instance, Hebda et al. (1997, p. 15.3) suggests that the character of high-elevation plant communities on the Brooks Peninsula "clearly resemble those on the QCI and scattered sites on the central coast of B.C." Ogilvie (1997, p. 5.37) found that the Brooks Peninsula vascular flora, though impoverished, are rich in rare species and are of diverse affinities. He discovered nine taxa on Brooks Peninsula that were previously known only as endemics on the QCI (Ogilvie 1997, p. 5.1) . Ligusticum calderi, a restricted oceanic pine tree species that is not adapted for long distance dispersal, is present in early deglaciation vegetation on Brooks Peninsula (Hebda 1997, p. 9.40) . Further, Chinnappa (1997, p. 6.7) found that the chromosome numbers of Ligusticum calderi from Brooks Peninsula and the QCI agree and both are endemic to the two areas. Warner et al. (1982) suggest that plant macrofossil evidence from Cape Ball, QCI indicates a well established flora by 16 000 years BP and implies the presence of glacial refugia on mountain nunatuks or on a submerged coastal "platform" in Hecate Strait. In addition, Nagorsen and Keddie (2002) recovered 12 000-year-old mountain goat (Oreamnos americanus) skeletal remains from two caves on northern Vancouver Island, implying the presence of ice-free conditions and the persistence of ice-free refugia on the continental shelf. QCI region paleogeographic reconstructions show the presence of exposed coastal plains on the continental shelf and the development of a land bridge and a narrow Hecate Sea, which may have facilitated the migration of terrestrial and animal species between the QCI and Vancouver Island. Uplifted coastal plains may have acted as migrating coastal refugia for early floral, faunal, and potentially human populations.
Paleoenvironment and Younger Dryas
The appearance of the bivalve molluscs Serripes groenlandicus and Clinocardium ciliatum (Appendix , Table A1 ) signify the onset of a short interval 10 900 ± 50 14 C years BP (CAMS-48155; Fedje and Josenhans 2000) to 10 260 ± 80 14 C years BP (RIDDL (E87A22-87); Barrie and Conway 2002) , of cool (maximum < 9 ЊC) sea-surface temperatures around the southern limits of Hecate Sea and Cook Bank. Sea-surface cooling is supported by paleooceanographic studies (Patterson 1993; Patterson et al. 1995) and palynological evidence (Mathewes 1993 ) of the late-glacial Younger Dryas cooling event between 10 700 and 10 000 14 C years BP in the QCI and southeastern Alaska (Engstrom et al. 1990) . During this time, sea-surface temperatures at Goose Island Bank remained temperate, perhaps due to strong vertical tidal mixing in the presence of reduced coastal run-off and reduced upwelling in Goose Island Trough (R.E. Thomson, personal communication, 2002 Luternauer et al. 1989b ).
Edible resources and productivity of the intertidal zone
Critical to ascertaining productive early coastal zones is the identification of edible molluscs, which potentially represent an important subsistence resource for people. By edible, we refer to those species having sufficient size to be worth the effort of collecting and those species recorded as having been used by early peoples (Quayle and Bourne 1972; Ellis and Swan 1981; Ellis and Wilson 1981; Erlandson 1984; Harbo 1997) . Edible species first appear in submarine sediment cores from Hecate Strait and QC Sound at 13 220 ± 80 (TO-1335) and 13 210 ± 150 14 C years BP (GSC-3711; Luternauer et al. 1989a ), respectively. A Clupea harengus pallasi (edible Pacific Herring) caudal vertebrae and a sculpin, possibly Gymnocanthus (Cottidae), pre-operculum spine were found overlying intertidal samples dating to 13 210 ± 150 14 C years BP (GSC-3711; Luternauer et al. 1989a ). The bivalve molluscs Macoma nasuta and Mytilus trossulus were the first to recolonize after ice retreat, a function of their ability to withstand low sea-surface temperatures and high sediment influx. Edible bivalve molluscs Saxidomus giganteus, Tresus nuttallii, Clinocardium nuttallii, and Simomactra falcata appeared shortly afterward. The total edible biomass represented in samples from southern Moresby Island, Haines Creek, and Juan Perez Sound, dating between 8020 14 C years BP 
Dispersal routes
Humans were impeded from travelling through northern QCI and Dixon Entrance until sometime after 14 000 14 C years BP because of presence of ice . Prior to this, any migrants would have had to skirt the outer QCI, where limited evidence indicates lowered sea level. Although glacial ice was present, and in places extremely thick , Clague 1983 , ice-free conditions persisted on two coastal plains, and open ocean conditions were present from at least -13 220 14 C years BP (TO-1335) in Hecate Strait, and 12 650 ± 50 14 C years BP (Beta-114465; Archer 1998) in Dixon Entrance (Fig. 3a) . Edible molluscs, quick to recolonize once sedimentation rates and sea-surface temperatures were conducive and pelagic marine fish, such as herring Clupea harengus pallasi, and potentially other edible fish and sea mammals were available to provide subsistence resources for potential inhabitants. Between -11 750 and -10 750 14 C years BP, an emergent land bridge required any migrants to travel along the uplifted west coast of QCI or to traverse overland (Fig. 3b) . Between 10 900 ± 50 (Hetherington 2002; in the Hecate Sea, potentially requiring people to migrate greater distances to collect coastal resources and increase their reliance on land-based resources. It should be noted that the coarse resolution of the radiocarbon dating does not preclude changes in biogeography and resource potential within mapped intervals, which may have allowed short periods of rapid human migration not necessarily captured in the current model. For example, during the interval when the land bridge persisted, additional resources may have increased the potential of habitation.
Potential early habitable landscapes
Numerous resource-rich coastal zones and estuaries in Hecate Strait and QC Sound have been cored and dated (Appendix ,  Table A1 ), and although these would make excellent potential early habitable landscapes, they are now drowned and difficult to access. Identification of potential early habitable landscapes that are not drowned would aid future archaeological investigations. The intersection between paleocoastlines obtained from paleogeographic reconstruction maps (see Figs. 3a, 3b ) and present-day subaerial topography gives the location of such habitable landscapes where possible early archaeological sites may be located. Figures 3c and 3d 
Conclusions
The paleogeographic and paleoenvironmental reconstructions as determined in this study are of special importance because they provide evidence of ice-free subaerially exposed productive habitat that could have been inhabited by plants, animals, and humans by at least 13 790 ± 150 14 C years BP (TO-3738; Barrie et al. 1993) . Paleoreconstructions indicate that coastal migrants were likely impeded from migrating through northern QCI and Dixon Entrance until sometime after 14 000 14 C years BP, due to the presence of ice. Prior to this time, any early coastal migrants would have had to have skirted the west coast of QCI. Paleogeographic reconstruction maps estimate the location of potential and accessible early (prior to 10 000 14 C years BP) coastal locales where archaeological sites may be sought. Paleocoastlines of particular archaeological interest lie along the west coast of QCI, where early migrants probably first traveled, and along the westernmost B.C. mainland, where the effects of glacial ice were reduced. The presence of a land bridge and reduced coastal zone productivity during a Younger Dryas interval between 10 900 ± 
